The Comet assay has been used widely in genetic toxicology, radiation biology and medical and environmental research. This assay detects single-strand breaks and alkali-labile sites in DNA and DNA degradation due to necrosis or apoptosis. It may also be modified to detect DNA crossUnking. Although a considerable number of chemicals have been tested in the assay there are many aspects of validation to be considered before the method could be considered to provide definitive evidence of genotoxic potential. For example, very few non-genotoxins have been tested to assess specificity of the Comet assay and there has been only one reported study which investigated whether the in vitro Comet assay is prone to false positive responses due to cytotoxicity. We have investigated the response of the alkaline Comet assay in TK6 human lymphoblastoid cells to cytotoxic damage and genotoxic damage. Several compounds which are toxic by different mechanisms were tested in the assay. Cycloheximide and trypsin gave a negative comet response at a highest dose of 5 mg/ml and no toxicity was observed. Sodium lauryl sulphate and potassium cyanide produced a significant increase in DNA migration at cell survival levels of =575%. The distribution of damaged cells indicated that cells at various stages of necrotic cell death were present Hydrogen peroxide, 4-nitroquinoline oxide, 9-aminoacridine, ethyl methanesulphonate, iV-nitroso-Af-ethylurea and glyoxal gave a positive comet response. Mitomycin C was negative at survival levels of -70%. These results indicate that the maximum concentration of test substance tested should produce viabilities >75% in order to avoid false positive responses due to cytotoxicity. The assay was able to detect DNA damage induced by an alkylating agent, an intercalating agent and oxidative damage. The cross-Unking agent mitomycin C was not detected if a cut-off point of 75% viabiUty is used as the criterion of a positive response.
Introduction
The Comet assay promises to be a rapid in vitro screening assay for detection of genotoxins and also a site of contact assay for in vivo genotoxins. Before it can be used for investigation of substances of unknown genotoxic potential the assay should be rigorously validated. To date many different protocols have been used and the variations encompass use of different cell types, exposure regimes, use of DNA repair inhibitors, lysis and electrophoresis techniques and scoring criteria. The effects of varying many of these factors on detection of genotoxins in the assay are not known. Critical (14) Tungsten (3) PCB77 (1) (1) Belpaeme et al., 1996;  (2) Tafazoli and Kirsch-Volders, 1996 ; (3) Anard et al., 1997; (4) Bastlova et al., 1995; (5) Holz et al., 1995; (6) Leroy et al., 1996 ; (7) Hartmann and Speit, 1995; (8) Singh et al., 1988; (9) Hartmann and Speit, 1994; (10) Singh et al., 1991; (11) Shafer et al., 1994; (12) Zhuang et al., 1996; (13) Lee et al., 1996; (14) Schober et al., 1994; (15) Collins et al., 1993; (16) Green et al., 1992; (17) Hartmann and Speit, 1997; (18) Muller et al., 1996; (19) Slamenova et al., 1991; (20) Fortini et al., 19%; (21) Singh et al, 1990. factors for conduct of the assay, such as the appropriate toxicity limits and criteria for a positive response, have not been systematically investigated. The intra-laboratory and interlaboratory variability in detecting standard genotoxins in the assay have also not been studied. The sensitivity and specificity of the assay (i.e. ability to detect known genotoxins and ability to discriminate between genotoxins and non-genotoxins) is not known. Table I shows a compilation of the substances or exposures which have been assessed in mammalian cells. The classifications of positive and negative responses are those of each of the authors. Most of the substances investigated are genotoxins and therefore give no information on the specificity of the assay. To date it would appear that the sensitivity is high, with only one substance, emodin, which is genotoxic in other assays reported to be negative in the Comet assay (Muller et al., 1996) . Although it is recognized that the Comet assay 'To whom correspondence should be addressed. Tel: +44 1234 222316; Fax: +44 1234 222122; Email: leigh.henderson@unilever.com The ability of the Comet assay to discriminate between genotoxiiis and cytotoxins can be used to quantify apoptotic cells (Olive et al, 1993) and it may be used to discriminate between apoptosis and necrosis (Fairburn et al, 1996) , only one group has investigated whether cytotoxins may induce DNA migration. Speit (1995, 1997) have studied four cytotoxic compounds and concluded that the assay is not likely to give false positive responses due to cytotoxins. However, the induction of DNA migration by trypsinizing or scraping fibroblasts has also been reported (Singh et al, 1991) .
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In the present study we have investigated the induction of comets by several cytotoxic and genotoxic substances to investigate the specificity and sensitivity of the assay and to determine the appropriate limits of toxicity for the assay. The response of the alkaline Comet assay to various types of cytotoxins was assessed using sodium lauryl sulphate (SLS), potassium cyanide (KCN), trypsin and cycloheximide. SLS and trypsin exert their toxic effects on the cell membrane, KCN exerts its toxic effect on the cell electron transfer chain and cycloheximide exerts its toxic effect by blocking translation of mRNA and thus inhibiting protein synthesis. The response of the Comet assay to various classes of genotoxin was also assessed. The genotoxins tested were hydrogen peroxide, glyoxal and 4-nitroquinoline oxide, which are oxidizing agents, ethyl methanesulphonate and /v'-nitroso-./V-ethylurea, which are alkylating agents, 9-aminoacridine, which is an intercalating agent, and mitomycin C, which is a cross-linker.
Materials and methods

Test substances
These were hydrogen peroxide, 9-aminoacridine, JV-nitroso-/V-ethylurea, 4-nitroquinoline oxide, SLS, mitomycin C and cycloheximide (Sigma Chemical Co.), KCN and glyoxal (Aldrich), ethyl methanesulphonate (Koch Light Ltd) and trypsin (Gibco Laboratories). Initial selection of the highest concentrations for each agent were based on either an arbitrarily defined upper limit of 5000 Hg/ml or, in the case of known genotoxins, a level expected to induce DNA damage based on consideration of the literature. Preliminary assays were performed using the conditions of the Comet assay to determine toxicity of the chemicals.
Comet assay
The method used was based on that of Singh et al (1988) . Aliquots of 1.0 ml cell suspension containing either 2.5 x 10* or 4. 2 min. Each cell pellet was resuspended in 1.0 ml fresh RPMI 1640 medium without fetal calf serum containing the test substance at the required doses and the cells incubated at 4°C for 30 min. Following treatment the cells were pelleted and washed twice in fresh medium and finally resuspended in 0.2 5 ml fresh medium without fetal calf serum. Viability of the cell suspension was assessed by trypan blue exclusion. Recovery of cells was also measured. The remaining cell suspension was used for preparation of slides. Aliquots of 85-110 |il 0.75% NMP agarose were added to warmed frosted microscope slides (2-4 slides/dose) and a coverslip immediately placed on top. The slides were held on ice to allow the agarose to solidify. Cell suspension (10 ul, 10 000 cells) was added to 75 uJ 0.5% LMP agarose, in duplicate for each Eppendorf tube. The coverslips were removed from the slides and the slides allowed to warm to room temperature before 75 uJ cell suspension in agarose was spread onto the slide. A coverslip was placed on top and the slides placed on ice to allow the agarose to solidify. The coverslips were then removed and 85 uJ 0.5% LMP agarose were spread onto the slide, a coverslip placed on top and the slides placed on ice to solidify. The coverslips were removed and the slides carefully placed in cold freshly prepared lysis solution (2.5 M NaCl, 100 mM EDTA, 10 raM Tris, 1% sodium sarcosinate adjusted to pH 10 and supplemented with 1% Triton X-100 and 10% DMSO prior to use) and held in the refrigerator for 2 h. Slides were removed from the lysis solution, rinsed gently in electrophoresis buffer (1 mM EDTA and 300 mM NaOH, pH 13) and placed in a horizontal gel box containing electrophoresis buffer at a constant temperature of ~18°C. The slides were left for 40 min prior to electrophoresis to allow DNA unwinding and then electrophoresed for 20 min at -25 V and 300 mA. They were drained and neutralized with neutralization buffer (pH 7.5). Excess neutralization buffer was drained from the slides and 60 ul ethidium bromide solution (20 ug/ml) added. Slides were viewed using a Zeiss Axioskop fluorescence microscope with a Green H546 filter and scored using the Colourmorph image analysis system (Perceptive Instruments). Data on tail length, tail moment, head intensity, tail intensity, total intensity and total area were recorded. Fifty cells were scored from each slide. Only cells which had a defined head were scored, i.e. comets of uniform intensity, which are probably dead cells, were excluded. Most assays were performed at least twice. Statistical analysis was performed on the tail moment only. An ANOVA was performed and, where positive, a t test was used to evaluate die lowest statistically significant concentration.
Results
The induction of DNA migration for all chemicals tested is shown in Table II . The effects of the non-genotoxins SLS, KCN, trypsin and cycloheximide are illustrated in Figure 1 . Trypsin and cycloheximide, when tested up to 5000 |i.g/ml, the maximum concentration recommended for mammalian cell genotoxicity assays, did not affect the viability or increase the tail length or tail moment in TK6 cells. SLS and KCN both induced DNA migration. SLS induced a significant increase in tail moment in the first test at 37.5 p.g/ml, when cell survival equalled 26%, and in the second test at 40 (ig/ml, when cell survival was 75%. A significant increase in tail moment was seen in both tests with 5000 (lg/ml KCN, where survival equalled 67 and 70%. The distributions of damaged cells following treatment with SLS and KCN are shown in Figure 2 . This indicates that the increase in tail moment is not due solely to very damaged cells and may represent cells at various stages of necrotic cell death.
Hydrogen peroxide, glyoxal, 4-nitroquinoline oxide (oxidizing agents), ethyl methanesulphonate, /V-nitroso-N-ethylurea (alkylating agents) and 9-aminoacridine (an intercalating agent) induced large dose-related increases in tail length and tail moment at cell survivals of >70%. Mitomycin C did not induce a statistically significant increase in tail moment, even though a concentration resulting in a viability of ~70% was tested.
Discussion
Comparison of the results for cytotoxins and genotoxins showed that cytotoxins are able to induce an increase in DNA migration, but this was only seen where viability was =£75%. Therefore, to avoid false positive responses with substances of unknown hazard the viability of the cells used in the in vitro Comet assay should exceed 75%. Any increase in tail length or tail moment should be dose related. Induction of Comets by cytotoxins in this study differs from results reported recently by Hartmann and Speit (1997) . They saw no effects in V79 cells exposed for 2 h to the three cytotoxins p-nitrophenol, D-menthol and sodium lauroyl sarcosine and no evidence for cells intermediate in damage between intact cells and very highly damaged cells. The two studies differ in the cell types used and the exposure time. Possibly the shorter exposure time used in the present study could result in cells in the early stages of necrosis being present, whereas the 2 h exposure time used by Hartmann and Speit may have resulted in complete loss of damaged cells. Whereas in the present study trypsin treatment of lymphoblastoid cells did not induce DNA migration, Singh et al. (1991) reported that trypsinization of fibroblasts induced DNA migration (using a lower concentration than that used in the present study). Similar effects were induced by scraping. These effects occurred in the absence of cytotoxicity, as measured by trypan blue exclusion. Singh et al. hypothesized that these effects may have resulted from endonuclease release as a consequence of membrane damage or by the activation of toxic oxygen species generated by activation of NADPH cytochrome P450 reductase. Although not confirmed by our study, this report raises some concern that Comet formation may reflect indirect DNA damage arising as a secondary consequence of physical or chemical damage to cell membranes.
In the present study toxicity was assessed by trypan blue exclusion. This may underestimate toxicity, since it is based on membrane integrity and loss of this function is a late event of apoptosis (Fairbum et al, 1996) . Although cell counts were also measured, this was not informative in setting toxicity limits for the assay. The measurement of long-term cell survival may provide a more definitive measure of toxicity, but it is less practical for a short-term assay and is not applicable to all cell types, particularly peripheral blood lymphocytes. Although it was not recorded as part of the present study, it would be prudent to record the frequency of cells which are excluded from analysis because their morphology suggests they are apoptotic or necrotic. This may be useful in determining an appropriate toxicity limit, as suggested by Tafazoli and KirschVolders (1996) .
The Comet assay was able to detect genotoxicity induced by a range of genotoxins, including an intercalating agent, an alkylating agent and an oxidizing agent. This adds to the growing database on chemicals which are detectable in the assay. The assay gave a negative result with a cross-linking agent. Modification of the assay allows detection of crosslinkers based on their ability to retard DNA migration (Pfuhler and Wolf, 1996) . Several studies have compared the sensitivity of the Comet assay to other in vitro mammalian genotoxicity methods and higher (Tafazoli and Kirsch-Volders, 1996) , similar (Hartmann and Speit, 1995; Muller et al, 1996) and lower Speit, 1994, 1995) sensitivity (measured as lowest effective dose) for different chemicals and test methods have been reported. However, further work is required to evaluate this method against standard regulatory genetic toxicology assays.
The aim of this study was to detect whether the Comet assay can distinguish genotoxins and cytotoxins and not to optimize the protocol for genotoxicity testing. Consequently, important parameters, such as exposure time, duration and temperature, lysis and electrophoresis conditions and incorporation of exogenous metabolic capability, were not addressed as part of this study. Treatment of the cells at 4°C was used to prevent repair. Obviously, this would not be appropriate for substances requiring bioactivation and may not be the optimal temperature for other substances. However, no difference was seen in the response of cells treated with mitomycin C at 4 or 37°C (data not shown).
While this study supports others showing that the method may be useful as a rapid in vitro screen for genetic toxicology screening, validation will require investigation of protocol factors affecting detection (especially cell type, lysis and electrophoresis conditions and exposure times) and modification of the conditions (exposure temperature and duration) to assay substances requiring metabolic activation. Further investigations of the specificity and sensitivity of the assay and measurement of intra-laboratory and inter-laboratory variability are also required.
